This paper presents research on the evaporation of methanol/water mixtures in uniformly heated, constant crosssection silicon serpentine microchannels. The phase change of a variety of mixtures of methanol and water was observed, characterized and compared to the phase change both of pure water and pure methanol. Seven fluids were tested: pure water, pure methanol and five different molar fractions of methanol mixed with water. Flow rates were varied from Reynolds number five to ten. In the microscale system, it is shown that the flow boiling characteristics of the methanol/water mixtures are markedly different from those of pure liquids. Specifically, for the binary system there is a lack of a clear meniscus that spans the microchannel, which is seen in the pure fluid systems. Rather, the phase change of binary mixtures appears to occur over a much greater length of microchannel than for pure fluids. Unstable, intermittent evaporation fronts were also observed within the channels for moderate levels of superheat that are most likely dictated by the local temperature and pressure variations along the channel. Furthermore, at no time was bubble formation observed, despite the fact that several of the mixtures were subject to superheats as great as 20 o C.
INTRODUCTION
Recent research at the Berkeley Sensor & Actuator Center, University of California at Berkeley has been focused on the miniaturization of ancillary equipment necessary to operate micro Wankel internal combustion engines [1] . These micro engines have rotors with diameters that range from 2.4 to 12.9 mm with engine displacements that range from 1.2 to 347 mm 3 . These engines are expected to draw fuel at very low mass flow rates which range between 5.91*10 -5 and 0.013 g/sec, assuming n-octane as the fuel. For the engines to operate properly on traditional multi-component liquid fuels, there must be designed a fuel vaporization and delivery system that can achieve constant and precise fuel flow rates. Due to the small size of the Wankel internal combustion engines, it is impractical to use electrically-powered pumps and therefore, an all thermally-powered fuel delivery system is sought. It is therefore the aim of this work to gain a better understanding of the evaporation of multi-component mixtures in microchannel configurations. This knowledge can then be used to better design the fuel vaporization subsystem.
Recent research [2, 3] has shown that it may be possible to both transport liquid and control a phase change into vapor with an all thermal drive which requires no direct pumping by using thermally driven capillary forces. This previous research, which serves as a foundation for the work presented below, used pure water as a working fluid.
In this paper experimental data is presented for the transport and phase change of pure fluids and binary mixtures that result in combustible fuel vapor mixtures when passed through heated, constant cross-section microchannels. The flow rates in these experiments are prescribed by the requirements for vaporized fuel delivery of a micro Wankel internal combustion engine. It is expected that while the findings of this work are for water/methanol mixtures, the evaporation of soluble, binary and higher fuel mixtures (such as gasoline and diesel fuel) will yield a series of results that can be used to help determine future design parameters. 
NOMENCLATURE

MACROSCALE AND MICROSCALE BOILING
Since the early 1980s evaporating liquids in microchannels has been under investigation [4] . It has been determined experimentally that liquids require higher temperatures to change phase in microchannels than in bulk systems. As the scales of interest are reduced, the thermal resistance between the working fluid and the microchannel wall is reduced which in turn means that the system will have a lower thermal resistance, and phase change at the microscale can occur at a higher rate and draw a higher heat flux. In order to continue Moore's law for semiconductors, extensive investigation has been done in the field of microscale evaporation in microchannels to aid in cooling power electronics. However, these pioneering works concentrated on evaporating pure water.
The term coined for the abrupt transition from liquid to vapor that is seen when evaporating pure fluids in microchannels is flow eruption [5] . This transition is seen in channels where the hydraulic diameter is on the same scale or smaller than the radius needed for the first bubbles to survive and grow in a macroscale system, namely the critical bubble radius [6] . For most flow conditions this diameter is on the order of 100 µm. Previous work in this area has focused primarily on pure fluids, more specifically particulate free water [7, 8] . This paper looks to expand the knowledge base of flow eruption to include mixtures of fluids, initially including water, in order to have a body of established results to compare against, with the eventual goal of working purely with hydrocarbon fuels that are liquid at room temperature. If microengines are to operate on a fuel similar to the ones that power their macroscale counterparts, any difference between the microscale evaporation of mixtures and the pure fluid flow eruption must be well understood. 
NON-DIMENSIONAL ANALYSIS
In order to compare the different systems, several key dimensionless variables have been selected, namely the Reynolds number, the Weber number and the Jakob number. These variables will allow the different flow configurations to be compared on an equal basis and will aid in the later comparison of this data to the pure fluid data collected from both this series of tests and earlier published results. Table 1 below summarizes the results of the non-dimensional analysis of the different system configurations tested for one set of operating conditions, namely a flow rate of 0.05 ml/min and a channel temperature of 75 o C. A variety a flow configurations were tested, of which the conditions shown in Table 1 are the median values and describe the critical trends adequately.
First the Reynolds number was investigated, which is the ratio of the inertial force to the viscous force. However, because the channels are so small and the fluid is being pushed at a very slow rate, the Reynolds number does not help differentiate the different scenarios under investigation by itself. The Weber number is next considered, since it represents the effect of the inertial force over the surface tension. The Weber number is given by [9] :
The Weber number, like the Reynolds number has a length scale in it, as well as a velocity term and therefore, is also going to be small and relatively unchanging from trial to trial. However, coupled with the Reynolds number and other dimensionless variables, it helps to give a more complete picture to the force tradeoff under investigation.
The Weber number highlights the fact that the surface tension of the fluid will be an important characteristic for studying this system. The change in the surface tension of the binary mixture as a function of molar fraction of methanol is depicted graphically in Figure 3 . A molar fraction of 0.0 represents pure water and 1.0 pure methanol. One more non-dimensional number will be used to help evaluate the system, namely the Jakob number. This nondimensional number represents the heat available from the surrounding liquid divided by the energy required for phase change [9] .
∆T h in the Jakob number is the superheat, i.e. temperature difference of the bubble point temperature (the lower line in Figure 4 ) and the surface temperature. The Jakob number highlights the need to understand the boiling point for the methanol-water mixture since it will also vary with varying molar fraction in the binary mixture. This variation is depicted graphically in Figure 4 .
As is shown in Table 1 , the Jakob number varies by an order of magnitude over the range of fluids tested for a given channel temperature. As the mixtures approach pure methanol, the Jakob number indicates that either the available heat from the liquid is decreasing, or that the energy required for phase change is increasing, or a combination of these two changes. This is in agreement with the heat of vaporization change between the two fluids but once again does not provide a significant amount of insight by itself. This is why three dimensionless numbers are being used to model the system and not just one. As the mixture changes from predominantly water to predominantly methanol the Reynolds number decreases, which points to either a reduction in inertial force or an increase in the viscous force, the latter of which is unlikely due to the smaller change in viscosity between water and methanol as compared to the change in density. Noting that the Weber number increases with increased methanol concentration in the mixture this would point to either density increasing, which is not the case, or the surface tension decreasing. Since the Reynolds number implies that the inertial force decreases as the molar fraction increases, the Weber number would agree with this finding and further point to the surface tension as an important variable in this problem.
While these numbers help begin to understand the important forces at work in this series of experiments, and the trade-offs that will need to be made when choosing a fuel for the engine, all three of these numbers were formulated for macroscale systems and validated with macroscale data. Therefore, a new non-dimensional number is sought to describe the force trade-off that occurs in microchannels and validated with microchannel experiments.
FABRICATION
In order to observe the behavior in evaporation of various fluids it was necessary to incorporate a design that would allow the channel to be heated uniformly while still being able to observe the fluid dynamics. Thus a silicon-glass bonded device was chosen with fluidic connects on the top of the glass to allow for optical access as well as thermal access to the more conductive silicon bottom. The patterns for the channels are the same as those used in the condenser of the MEMS microcooler as shown in Figure 5 [2] . A cross section of the completed device is shown in Figure 6 . All micro-channels were fabricated from a single polished 500 µm thick silicon wafer that is anodically bonded to a predrilled cover wafer. The process flow diagram is shown in Figure 7 below and is adapted from one presented by Pettigrew et al at IMECE 2001 [2] . The silicon wafer was initially coated with 1.2 µm of thermally deposited oxide to serve as a lithographic layer. For this application oxide was used for its good lithographic resolution resistance to undercutting during SF6 dry plasma etching. The oxide was then coated with 2 µm of Microposit I-line photoresist, exposed, and developed. The oxide was then etched using a Lam © oxide etcher and the photoresist removed using PRS 3000 photoresist remover. Using the oxide as a protective layer the channels were then formed using an STS © dry plasma etcher to the required depth with the Advanced Silicon Etch (ASE) DRIE process. The remaining oxide was then removed using 49% HF solution.
The glass cover of the channels is a 500 µm thick Pyrex wafer. The holes through the wafer were hand drilled using a 1 mm diameter diamond tip drill bit at a speed of 4000 rpm. In order to prevent cracking when the drill completed a hole, the wafer was placed on a blank polished silicon wafer and the two were held together by a thin layer of water. Water was also used as a lubricating fluid during the drilling process. The completed glass and silicon wafers were then cleaned using sulfuric acid, rinsed in ultra pure water, dried and anodically bonded using a Karl Suss anodic bonder at a voltage of 1000 V. 
EXPERIMENTAL SET-UP
In order to provide even heating of the flow channels, the wafer was submerged in a mineral oil bath and placed on a hot plate equipped with a stir bar. The bath was heated from below while being constantly stirred to insure temperature uniformity across the channels. The wafer was placed slightly below the surface of the bath in an attempt to remove the effects of convection from creating a temperature gradient across the channels. Furthermore, numerical calculations show that the radiative cooling from the heated wafer is negligible compared to the conductive heating from the mineral oil bath. Figure 9 . The test set-up used for this experiment consisting of a hotplate and stir bar for the mineral oil bath, a syringe pump for driving the water/methanol mixture and a camera connected to a magnifying lens.
The mineral oil bath was measured with a type-K thermocouple which was measured to be accurate within + one degree Celsius.
The microchannels were supplied with methanol/water mixtures pumped in through a syringe which was driven by a syringe pump at a fixed flow rate of 0.075 ml/min, unless otherwise specified.
The pictures presented below are from video captured using a Caltex camera equipped with a 50x magnification Hirox lens microscope and placed above the wafer in the mineral oil bath. The time resolution of the system is 30Hz. The video was then converted into a series of still pictures, shown in this paper, which depict critical moments in time for understanding and analyzing the system.
EXPERIMENTAL RESULTS
In order to interpret the results shown in Figures 10 through 16, detailing the difference between phase change of pure fluids and that of binary mixtures, a picture of the channels described in the fabrication section is shown in Figure 8 . This channel is full of pure methanol at room temperature for clarification purposes. When vapor passes through the channel it is seen as a darker section. The following pictures are instantaneous pictures of unstable systems, unless otherwise noted.
Initially, both pure methanol and pure water were heated in the microchannels to reconfirm earlier findings about the existence of the flow eruption front. As the flow eruption front moves back and forth along the length of the channel, the shape of the meniscus changes. Figure 11 , below, displays this instability of the meniscus shape. This indicates the impact of surface tension as the meniscus changes from convex to concave as the liquid column advances and recedes along the section. This change will manifest itself as large pressure fluctuations and hence large mass flow changes at a given point along the channel, as the front passes back and forth past it. Therefore, this oscillatory movement of the eruption front must be stabilized before the system using this phase eruption phenomena can be incorporated into a microengine intake manifold system where precise and unchanging mass flux control is critical. Once the presence and instability of the flow eruption front for pure methanol and water was verified with the published literature [5] , a range of mixtures of water and methanol were created. Five different molar fractions were tested, after consultation with Figures 3 and 4 in order to ensure the full range of surface tensions and boiling points were sampled.
The first binary fluid tested was a mixture of 4:1 methanol/water by volume, which represents a 0.65 molar fraction. This liquid has a surface tension of 0.0275 N/m and a boiling point of 70 o C. This fluid was also pumped in via syringe pump at 0.05 ml/min and heated in a well mixed mineral bath. When the wafer was heated to a temperature of Figure 12 , below. It is likely that the early bubbles are formed by dissolved gas in the liquid since the temperature at which they appear is below the boiling point temperature of the working fluid. Tests were performed to boil the liquid in a large container before it is put through the microchannel to determine if that will eliminate this phenomenon. These bubbles consisted of a slug of vapor along the wall of the channel that moved through in predictable time periods. One example of this is for the 0.10 molar fraction case a bubble slug would pass through the system every 15 seconds when the wafer was heated to 65 o C, which is 25 o C below the boiling point for that mixture. This can be seen in Figure 12 by the contraction in the channel which is a slug vapor passing through and not a change in the cross section of the channel. This phenomenon is highlighted in Figure 13 . Preboiling the binary mixture appeared to reduce the number of these bubbles, which supports the theory that the bubbles were entrained air being separated out from the binary fluid. It is important to note that the cross section of the serpentine channel is constant and unchanging during all of the tests described in this paper. The movement of this bubble through the channel was periodic and predictable in nature until the temperature of the wafer reached the boiling point of the binary mixture, which was approximately 70 o C. Once this was reached the bubbles came through too frequently to accurately measure by eye.
The binary mixture never developed the clear phase eruption interface which was seen in the pure water and methanol cases. In contrast, this system steadied to an unstable system of bubble fronts passing through, similar to the front shown in Figure 12 and detailed in Figure 13 . This system differs from the macroscopic system in which the binary mixture does not exhibit any bubbles at the boiling point of the methanol, but rather the first bubbles begin to appear at the boiling point of the binary mixture. In the microchannel system the first bubbles begin to appear below the mixture boiling point, possibly suggesting that the two liquids are separating out from one another. However, the complete system does not reach its unchanging level of instability until the boiling point for the mixture is exceeded by at least five degrees Celsius. It is therefore believed that heating up the mixture does separate the two liquids and that this results in phase change at a lower temperature (67 o C instead of 70 o C for the 0.65 molar case) because the concentration of methanol is higher near the heated surface than the bulk value for the mixture.
The next mixture tested was a 3/2 methanol/water mixture by volume, which equates to a 0.40 molar fraction. This liquid has a surface tension of 0.034 N/m and boiling point of 74 o C. This mixture was driven through the channels at 0.075 ml/min. This system exhibited the same bubble front as was seen in the 0.65 molar fraction liquid, however, the vapor along the wall was not as steady as before. The same instability was seen at a flow rate of 0.05 ml/min. This is show in Figures 14 and 15 . Once the wafer reached 20 o C of superheat, the system transitioned to another quasi-stable state. In this state, as is shown below in Figure 16 , a layer of vapor along the walls supported a slug of liquid in the middle of the channel, which could be likened to a reverse annular flow since classical annular flow is liquid near wall and vapor in the middle. This system shown below is being held at 95 o C which represents a 20 o C superheat for the binary mixture and a 39 o C superheat for the methanol in the mixture. However, for the water in the system this is still The remaining trials at molar fractions of 0.31, 0.23 and 0.10 confirmed the findings that the phase change binary mixtures of fluids in microchannels will not develop the diameter-spanning meniscus which is seen by pure fluids in the same situation. Further refinement of the results is underway to determine the extent to which the two fluids are being separated during the testing. Further testing is also underway with mixtures of different hydrocarbon fuels to determine if it is possible, given smaller changes in key properties such as surface tension, to form a flow eruption meniscus with a binary mixture as the working fluid.
CONCLUSIONS
Unlike on the macroscale, phase change of binary mixtures in uniformly heated, constant cross-section microchannels occurs differently than for pure fluids. The clear meniscus spanning the channel, which has been described in previous literature [5] and which was confirmed in this paper, was not seen for binary mixtures of methanol and water. Instead of this diameter-spanning flow eruption meniscus, a liquid-vapor flow transition line was seen along the length of the channel. Additionally, unlike the pure fluid condition, where at higher superheats the liquid-vapor interface becomes less stable with respect to position in the channel, the binary fluid tests demonstrated a heightened stability of the interface at higher superheats. Furthermore, even at elevated superheats of 20 o C or more, no nucleate boiling regime was observed for both the pure fluids and binary mixtures. This is consistent with the expected results since the channels (150 µm in width and 100 µm in depth) used are of the same order of magnitude as the critical bubble radius for a macroscale system.
Because there is a dramatic difference between the phase change of pure fluids and binary mixtures of the same fluids, a further line of testing is being conducted to determine if a multicomponent liquid fuel can be used for a micro Wankel internal combustion engine or other micro power production applications. Since most of the liquid fuel currently available such as gasoline and diesel fuel, is a multi-component mixture, continuing work will focus on combinations of single component hydrocarbon liquids such as methanol, n-heptane, or kerosene, using this work as a basis for comparison.
This non-dimensional analysis and the test results which are described provide insight and further binary mixture testing will be done with fluids which have closer surface tension values. This will serve to remove that variation from the experiment and allow other aspects of the system to be studied. This work will also further compliment the effort to miniaturize the engine ancillary equipment, since the engine is likely to be operated with a mixture of hydrocarbon liquids, and not a hydrocarbon fuel in water.
